A n acute aortic dissection (AAD) is initiated by an intimal tear, with resultant propagation within the middle third of the medial layer of the aorta. 1 To delineate treatment, the Stanford classification divides AAD into 2 types, type A and type B. Type A affects the ascending aorta, whereas type B does not. Type A AAD is more severe because of the higher mortality rate of 20% by 24 hours, 30% by 48 hours, 40% at 1 week, and 50% at 1 month. 2 Thus, surgical repair is the first choice of treatment for patients with type A AAD to prevent life-threatening complications, including aortic rupture and cardiac tamponade. Although type B AAD is generally more benign and medical treatment for high blood pressure and intolerant pain can improve the patient's clinical outcome, a substantial proportion of medically treated patients still encounter catastrophic events within 7 days, such as aortic expansion and subsequent aortic rupture, visceral ischemia, and lung oxygenation impairment. 2,3 Thoracic endovascular repair with stent grafting is the emerging therapeutic strategy
Methods
A detailed Methods section describing all procedures and protocols is available in the Online Data Supplement.
Results

Propagation of Dissection After the Onset of AAD
Time course examination of serial computed tomographic scan imaging, enhanced with a contrast agent, revealed that AAD invariably emerged in BAPN/Ang II-treated mice as early as several hours after Ang II infusion. It was initiated at the proximal site of the descending thoracic aorta and propagated distally into the abdominal aorta ( Figure 1A) . The dissected thoracic aorta increased in diameter with time, resulting in hematothorax and lethal rupture ( Figure 1B ). Approximately 70% of mice died of aortic rupture within 48 hours, whereas no BAPN-untreated mice died after Ang II infusion ( Figure 1C ).
Aortic Dissection Promotes Rapid Mobilization of Neutrophils to the Aortic Tunica Adventitia
Histological analysis of the expanded dissected aorta from BAPN/Ang II-treated mice demonstrated massive inflammatory cell accumulation in the tunica adventitia ( Figure 2A ). Such inflammatory cell accumulation in the tunica adventitia was not observed in the nondissected aorta from BAPN-untreated/Ang II-treated mice (Figure 2A ). Immunohistochemical analysis revealed that Ly6B.2 + neutrophils dominated the tunica adventitia of dissected aortas, whereas Mac3 + macrophages and CD3 + T cells were relatively minor populations ( Figure 2B ). Flow cytometric analysis to investigate the temporal dynamics of inflammatory cell accumulation in the dissected aorta of BAPN/Ang II-treated mice revealed that CD45 + CD11b + Ly6G + neutrophils increased as early as 24 hours after Ang II infusion, followed by CD45 + CD11b + F4/80 + macrophage and CD45 + CD11b − CD3 + T cell infiltration ( Figure 2C and 2D) . Neutrophils were the predominant cell type infiltrating the dissected aorta by 48 hours after Ang II infusion. This inflammatory cell accumulation was not observed in the nondissected aorta from BAPN-untreated/Ang II-treated mice. Of note, these temporal and spatial characteristics of the leukocyte accumulation pattern were consistent with previously reported human AAD pathology. 15 
Interleukin-6-Producing Neutrophils Accumulate to High Levels at the Edge of the Rupture Site
We next examined the temporal changes of proinflammatory cytokine gene expression in the dissected aorta. The gene expression levels of interleukin-6 (IL-6), IL-1β, and tumor necrosis factor-α in the dissected aorta from BAPN/ Ang II-treated mice increased, peaked at 24 hours after Ang II infusion, and decreased thereafter ( Figure 3A-3C ). In contrast, Ang II infusion did not augment the aortic gene expression of these proinflammatory cytokines in the nondissected aorta from BAPN-untreated mice ( Figure 3A-3C ). The serum level of IL-6 increased in BAPN/Ang II-treated mice, peaking at 24 to 48 hours after Ang II infusion ( Figure 3D ). Immunofluorescent analysis revealed that high levels of IL-6 were primarily observed in the tunica adventitia of the expanded dissected aorta from BAPN/Ang II-treated mice, whereas the nondissected aorta from BAPN-untreated/Ang II-treated mice showed negligible expression ( Figure 3E -3H). Notably, IL-6 + neutrophils were highly accumulated at the edge of the rupture site ( Figure 3G ). Intracellular staining of a single-cell suspension from a dissected aorta demonstrated that the majority of IL-6-producing CD45 + leukocytes were Ly6G + neutrophils ( Figure 3I ). Together, these findings suggested that neutrophils, activated and accumulated in the tunica adventitia, were the main protagonists in the post-AAD vascular inflammation leading to aortic expansion and rupture.
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CXCL1 and Granulocyte-Colony Stimulating Factor Expressions Are Induced in the Adventitial
Cells of the Dissected Aorta
The gene expression levels of CXCL1, CXCL2, and granulocyte-colony stimulating factor (G-CSF), which are known to be the major neutrophil chemoattractants, rapidly increased after Ang II infusion in BAPN-treated mice, peaked at 24 hours, and decreased thereafter ( Figure 4A-4C ). Meanwhile, the induction of these genes in the nondissected aorta was negligible on Ang II infusion in BAPN-untreated mice. Of note, dissected lesions in BAPN/Ang II-treated mice showed cells with strong staining for CXCL1 + and G-CSF + within the tunica adventitia ( Figure 4D and 4E). Further immunofluorescence analysis revealed that smooth muscle actin (SMA + ) myofibroblasts and F4/80 + CD206 + macrophages were the main sources of CXCL1 ( Figure 4F ). In parallel with temporal dynamics of gene expression in the dissected aorta, serum CXCL1 and G-CSF concentrations rapidly increased and peaked at 24 hours after Ang II infusion in BAPN-treated mice, whereas serum CXCL2 concentrations did not increase in response to AAD ( Figure 4G -4I). In contrast, Ang II increased vascular cell adhesion molecule-1 expression in the aorta regardless of the presence or absence of BAPN preconditioning (Online Figure IA and IB).
AAD Facilitates Mobilization of Neutrophils From Bone Marrow
The percentage of peripheral blood CD11b + Ly6G + neutrophils in BAPN-treated mice was elevated at 24 hours and peaked at 48 hours after Ang II infusion ( Figure 5A and 5B). It was higher than that in BAPN-untreated/Ang II-treated mice at any time. On the other hand, temporal changes in the percentage of blood Ly6C high and Ly6C low monocytes were comparable between BAPN/Ang II-treated mice and BAPNuntreated/Ang II-treated mice ( Figure 5C and 5D). Bone marrow (BM) serves as a reservoir for neutrophils that can be rapidly mobilized in response to CXCL1, CXCL2, and G-CSF released from injured peripheral tissues. 16, 17 To examine the BM environment in response to AAD, flow cytometric analysis of BM cells was conducted. Interestingly, CD45 + CD11b + Ly6G + mature neutrophils were transiently reduced at 24 hours after Ang II administration into BAPN-treated mice ( Figure 6A and 6B). This result indicated rapid neutrophil egress from the BM after the onset of AAD. Previous studies demonstrated that neutrophil release from the BM to the blood depends on the balance between the CXCL1/2-CXCR2 and CXCL12-CXCR4 axes. 16, 17 The CXCR2 ligands, CXCL1 and CXCL2, promote neutrophil egress, whereas the function of the CXCR4 ligand, CXCL12, retains neutrophils in the BM. G-CSF stimulates proliferation of myeloid precursors and promotes neutrophil release from the BM by reducing the BM fluid levels of CXCL12 produced by BM stromal cells. 18, 19 Notably, the fluorescent intensity of CXCR2 was significantly increased in BM CD45 + CD11b + Ly6G + neutrophils in response to AAD ( Figure 6C-6E ). In contrast, the protein concentration of CXCL12 in BM fluids was significantly reduced in response to AAD ( Figure 6F ). These results indicated that the BM milieu was changed by aortic injury in favor of neutrophil egress from the BM. Moreover, an adoptive transfer strategy using 2 different mouse strains with a congenic marker (CD45.1 + versus CD45.2 + ) confirmed that intravenously transferred BM-derived neutrophils accumulated in the tunica adventitia of the dissected aorta of recipient mice ( Figure 6G and Online Figure IIA-IIC), supporting our hypothesis that BM-derived neutrophils infiltrate the dissected aorta via peripheral circulation.
Serum Levels of IL-6 and Neutrophil Chemoattractants Increase After the Onset of Acute Type B Aortic Dissection in Human Patients
We examined the temporal dynamics of change in serum IL-6, CXCL8 (which corresponds to murine CXCL1), and 
Neutrophil Influx Occurs as a Result of Aortic Dissection
To provide direct evidence that the dissection and not the combined BAPN/Ang II treatment causes neutrophilia, we analyzed the neutrophil behavior at earlier time points in mice with and without aortic dissection. BAPN/Ang II-treated mice were analyzed at 6 and 12 hours after Ang II infusion. CXCL1 and G-CSF gene expressions were induced in the dissected aorta but not in the nondissected aorta ( Figure 7A and 7B). The percentage of blood neutrophils increased in mice with aortic dissection but not in mice without aortic dissection ( Figure 7C and 7D ). Furthermore, immunohistochemical analysis revealed neutrophil accumulation in the tunica adventitia of mice with aortic dissection but not in mice without aortic dissection ( Figure 7E and 7F). These data indicate that neutrophil mobilization from the BM to the blood and subsequent neutrophil accumulation in the aortic adventitia occur as a result of the onset of aortic dissection.
CXCR2 Neutralization Reduces Neutrophil Mobilization and Limits Aortic Rupture After AAD
To determine whether neutrophil mobilization from BM plays a causative role in lethal aortic rupture in our mouse model of AAD, BAPN/Ang II-treated mice were administered intraperitoneally with either a neutralizing anti-CXCR2 antibody or control IgG. CXCR2 neutralization did not affect AAD incidence and systolic blood pressure at 48 hours after Ang II infusion (Online Table II ). The number of neutrophils in blood and aorta was significantly suppressed in the dissected mice treated with neutralizing anti-CXCR2 antibody ( Figure 8A ). Flow cytometric analysis showed that almost all CXCR2 high circulating blood cells during the progression of AAD were Ly6G + CD11b + neutrophils ( Figure 8B ). The incidence of death was significantly reduced in BAPN/Ang II-treated mice receiving neutralizing anti-CXCR2 antibody ( Figure 8C ). Contrast-enhanced computed tomographic scanning at 48 hours after Ang II infusion revealed that both dissection length and maximum length of minor axis on the transverse image were significantly reduced in mice with CXCR2 neutralization compared with control mice treated with IgG ( Figure 8D and 8E) . We also examined whether blocking neutrophil mobilization from BM by treatment with a neutralizing anti-G-CSF antibody can prevent lethal rupture in BAPN/Ang II-treated mice. G-CSF neutralization did not affect AAD incidence and systolic blood pressure at 48 hours after Ang II infusion (Online Table II ). Although the number of neutrophils in blood and the aorta was significantly suppressed in dissected mice with G-CSF neutralization ( Figure 8A) , the neutralizing anti-G-CSF antibody had a marginal protective effect in terms of the survival rate ( Figure 8C ). Of note, immunohistochemical analysis of the dissected aorta demonstrated that only a subset of G-CSF receptor (G-CSFR) + cells were stained with an antineutrophil antibody (Online Figure IV) .
IL-6-Mediated Adventitial Inflammation Plays a Causative Role in Aortic Expansion and Rupture After the Onset of AAD
The tunica adventitia of the expanded dissected aorta from BAPN/Ang II-treated mice displayed high levels of IL-6 expression, whereas the nondissected aorta from BAPNuntreated/Ang II-treated mice showed negligible expression ( Figure 3E-3H ). The majority of IL-6-producing CD45 + leukocytes in the dissected aorta were Ly6G + neutrophils ( Figure 3I ). Strong expression of IL-6 on neutrophils was observed at the edge of the rupture site in mice and humans with AAD ( Figure 3E -3G and Online Figure IIID) . Of note, aortic IL-6 gene expression and serum IL-6 concentrations were significantly attenuated in BAPN/Ang II-treated mice with CXCR2 neutralization compared with control IgG treatment ( Figure 8F and 8G) . These results prompted us to speculate that blockade of neutrophil migration from BM by neutralizing an anti-CXCR2 antibody prevents progression of aortic dissection and lethal aortic rupture, at least in part via the inhibition of IL-6-mediated adventitial inflammation.
To determine whether IL-6 plays a causative role in the lethal complications after AAD onset, IL-6 −/− mice were subjected to BAPN and Ang II treatment. Importantly, AAD developed successfully in BAPN-treated IL-6 −/− mice with an incidence of 100% within 24 hours after Ang II infusion, and systolic blood pressure was comparable between BAPN/Ang II-treated littermate controls and BAPN/Ang II-treated IL-6 −/− mice (Online Table II ). There were no significant differences between BAPN/Ang II-treated IL-6 −/− mice and BAPN/Ang II-treated littermate controls in the degree of peripheral neutrophilia or percentage of accumulated neutrophils in the dissected aorta (Online VA and VB). Nevertheless, the magnitude of aortic dilatation and the incidence of death were significantly reduced in BAPN/Ang II-treated IL-6 −/− mice compared with BAPN/Ang II-treated littermate controls ( Figure 8H and 8I).
Discussion
Several previous studies, including our own, 12 have attempted to elucidate the mechanisms initiating AAD using a mouse model of aortic dissection and rupture. 11, 20, 21 In BAPN/Ang II-treated mice, neutrophils infiltrate the aortic intima, invariably triggering aortic dissection via metalloproteinase-9 production. 12 The sequence of events leading to aortic dissection in this model may well reflect those that underly a similar aortic pathology in humans. Indeed, serum Ang II concentrations are significantly higher in patients with AAD compared with patients with acute myocardial infarction, and metalloproteisase-9-producing neutrophils have been shown to infiltrate the intima on tearing in the inner layer of the aorta. To the best of our knowledge, this study is the first to examine aortic behavior after AAD onset and has revealed as yet unrecognized cellular and molecular pathways leading to aortic expansion and subsequent rupture.
In our mouse model of AAD, dissection was usually initiated at the proximal site of the descending thoracic aorta and propagated distally into the abdominal aorta for 24 to 48 hours. The dissected aorta caused dilatation, and ≈70% of the mice ultimately died of aortic rupture. We found that the aortic expansion and rupture were associated with massive neutrophil accumulation in the tunica adventitia of the dissected aorta. Such neutrophil accumulation was not observed in nondissected aorta from BAPN-untreated/Ang II-treated and even from BAPN-treated/Ang II-treated mice, indicating that the adventitial neutrophil infiltration occurred as a consequence of AAD. An increased local expression of CXCL1 and G-CSF in adventitial cells, such as activated myofibroblasts and resident macrophages, preceded the recruitment of neutrophils into the postdissected aorta and induced systemic changes. These included an increased concentration of circulating CXCL1 and G-CSF and decreased concentration of BM CXCL12, which altered BM milieu in favor of neutrophil release from the BM to peripheral circulation. Unlike CXCL1, serum CXCL2 concentration was not augmented after AAD despite a significant increase in CXCL2 gene expression in the dissected aorta, suggesting distinct functions of CXCL1 and CXCL2 in post-AAD inflammatory processes similar to those in other acute inflammatory conditions. 22 In several acute and chronic inflammatory disease models, blockade of CXCL1 receptor, CXCR2, can substantially attenuate tissue damage via inhibition of neutrophil recruitment. [23] [24] [25] We demonstrated that administration of the CXCR2-neutralizing antibody effectively suppressed the expansion and rupture of the dissected aorta via preventing neutrophil egress from BM and neutrophil infiltration into the tunica adventitia. Together, these findings indicated that chemokine signaling is a key factor for neutrophil mobilization from the BM to the tunica adventitia of the dissected aorta. We previously reported that neutrophil depletion by injection of antigranulocyte-differentiation antigen-1 antibody significantly decreased the incidence of AAD in our mouse model. 12 In contrast, we showed in this study that CXCR2 neutralization did not affect the prevalence of AAD. We attribute this conflicting result to the following reasons. First, unlike antigranulocyte-differentiation antigen-1 antibody, the CXCR2-neutralizing antibody never decreased the peripheral blood neutrophil count below the normal range. Second, attachment of neutrophils along the aortic intima, which triggers the onset of AAD, might be independent of CXCR2 signaling.
Although the G-CSF responses were more consistent than the CXCL1 responses ( Figure 4A and 4C; Figure 7A ), the antibody against G-CSF had a marginal protective effect in terms of the incidence of aortic rupture, despite the fact that neutrophil egress from BM and neutrophil infiltration in the tunica adventitia were suppressed to the same degree as after CXCR2 neutralization. CXCR2 is almost exclusively expressed by neutrophils, whereas G-CSFR is expressed by both hematopoietic and nonhematopoietic cells. In the setting of acute myocardial infarction, administration of G-CSF has beneficial effects on early ventricular function by prevention of cardiomyocytes and endothelial cell apoptotic death in the infarcted heart. 26 This is conferred by G-CSF signaling in the G-CSFR-expressing cardiomyocytes and endothelial cells. These findings suggest that G-CSFR signaling in cells other than infiltrating neutrophils may play a protective role in the dissected aorta.
Data presented here highlight the importance of aortic tunica adventitia in the post-AAD inflammatory response. Although a traditional inside-out mechanism was considered central to the progress of various vascular diseases, in which inflammatory cells migrate into the tissue through the injured intima and accelerate vascular injury, accumulating evidence suggests the outside-in theory is more important to initiate and advance inflammatory reactions, at least in several disease models. 27 A coordinated link between tunica intima and adventitia in AAD might be similar to that in the coronary artery after balloon angioplasty. 28 In this setting, inflammatory cues, such as intimal minor dissection, elastic lamina tear or stretching after intravascular ballooning, trigger transient expression of an adventitial neutrophil chemoattractant and promote neutrophil accumulation in the tunica adventitia. This eventually promotes vascular inflammation toward the intima and thereby neointimal formation. 28 We speculate that aortic wall stretching associated with pseudolumen formation activates the conversion of fibroblasts into smooth muscle actin (SMA + ) myofibroblasts and stimulates F4/80 + CD206 + resident macrophages in the tunica adventitia. This results in strong CXCL1 production that leads to neutrophil accumulation. Indeed, it was previously demonstrated that myofibroblasts converted from resident fibroblasts in response to tissue injury were one of the major sources of chemokines. 29 Moreover, resident macrophages are recognized as sentinels; they sense tissue damage and promote neutrophil mobilization by production of neutrophil-recruiting chemokines, such as CXCL1. 30 These data suggest that these cell populations are potent initiators of the adventitial inflammatory response after AAD. IL-6 is secreted at high levels in human aortic aneurysm disease 31, 32 and may be associated with risk of aneurysm rupture. 33, 34 A recent publication showed that increased IL-6 production contributes to aortic extracellular matrix degeneration and expansion in an aortic aneurysm setting, independent of monocyte recruitment and subsequent differentiation of macrophages. 35 Previous animal studies have demonstrated that longterm Ang II promoted IL-6 expression in the aorta and triggered AAD. 11 In contrast, IL-6 was not required for AAD induction in our mouse model. This discrepancy may be because of difference in the animal model and that sustained administration of the lysyl oxidase inhibitor, BAPN, is sufficient to induce medial degeneration even in the absence of IL-6. We showed that IL-6 was markedly expressed in the tunica adventitia of the expanded dissected aorta and that neutrophils were major producers of IL-6 in the dissected aorta. Notably, strong production of IL-6 by adventitial neutrophils was observed at the edge of the rupture site in mice and humans with AAD. Furthermore, inhibition of neutrophil infiltration with CXCR2 neutralization significantly reduced local and systemic IL-6 levels. Intriguingly, disruption of IL-6 effectively suppressed dilatation and rupture of the dissected aorta without any influence on the incidence of AAD. Although IL-6 can drive emergency myelopoiesis under other inflammatory disease conditions, 17, 36 the dissected aorta lacking IL-6 showed only a modest decrease in neutrophil infiltration compared with the control dissected aorta, suggesting that IL-6 plays a dispensable role in neutrophil recruitment to the aorta during AAD progression.
Together, these data indicate that neutrophil-derived IL-6 is a potent enhancer of the post-AAD adventitial inflammation that leads to aortic rupture, and thus, an IL-6 inhibitor could potentially have a therapeutic effect in patients with AAD.
The limitations of this study include the low patient numbers and the lack of complicated patients with type B aortic dissection. The human data only suggest that the response to dissection may be similar to that in the murine model and not that there is a common pathway leading to subsequent rupture. A prospective study is needed that focuses on serum levels of CXCL8, G-CSF, and IL-6 in early and late complications of type B aortic dissection. We investigated the mechanism behind the acute catastrophic aortic dilatation and rupture in a murine AAD model, which is rare in humans. Moreover, the effect of end-organ damage on the pathological changes in the aorta was ignored.
In conclusions, this study showed that dissection per se induced neutrophil chemoattractant expression in the aortic tunica adventitia, possibly by mechanical injury and stretching followed by pseudolumen formation. Subsequent systemic changes in chemokine-dependent signaling caused neutrophilia and massive neutrophil accumulation in the dissected aorta, thereby leading to aortic expansion and rupture via IL-6 production (summarized in Online Figure VII) . Importantly, temporal and spatial dynamics of inflammatory cytokine and chemokine elevation, as well as leukocyte recruitment, were consistent between rodents and humans. Our study provides a new mechanistic insight into neutrophil-mediated adventitial inflammation after AAD and suggests novel therapeutic approaches for patients with AAD.
